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ABSTRACT  
Eight atmospheric reanalyses were compared against observed vertical profiles of temperature, 
specific humidity and wind speed collected by two research aircraft in February–March 2010 in the 
Antarctic Peninsula region. These data offered a rare possibility to validate reanalyses against 
independent in-situ data which have not been assimilated into the reanalyses. The reanalyses had 
generally too moist profiles with too low wind speeds, but otherwise the errors in the reanalyses had 
large spatial differences. On the eastern side of the peninsula, the near-surface temperatures were 
largely overestimated. None of the reanalysis outperformed the others in all variables, at all 
altitudes and on both sides of the peninsula. Generally, NCEP-CFSR and MERRA had the smallest 
errors in temperature profiles, JRA-55 had marginally the most accurate specific humidity profiles 
and NCEP-CFSR had the best wind profiles. The reanalyses were coherent, although biased, on the 
western side of the Antarctic Peninsula, but on the eastern side the spread was large. All the 
reanalyses underestimated the variability between the individual profiles of temperature and wind 
speed. The modern reanalyses with a sufficient spatial resolution and an adequate data assimilation 
method outperformed the others, especially on the eastern side.  
 
1. Introduction 
A dramatic increase of near-surface air temperature in the Antarctic Peninsula area during the last 
decades has generated considerable recent research interest in the region. The temperature increase 
exceeds by several times the global mean temperature rise (Turner et al., 2005), and has also 
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caused a serious concern about increased melt, loss of ice shelves, acceleration of inland glaciers 
and increased ice discharge into the ocean. Significant positive trends have also been detected in 
mid-tropospheric temperatures (Screen and Simmonds, 2012, Turner et al., 2006). The regional 
climate of the Antarctic Peninsula is sharply divided into two regimes by the mountainous spine, 
i.e., unbroken mountain chain with peaks 1400–2000 m above the sea level. On the west coast, the 
climate is relatively mild and maritime, and most of sea ice melts in summer, whereas on the east 
coast the average temperature is 5–10°C lower, sea ice remains throughout the year, and the 
climate is more continental (Morris and Vaughan, 1994, Reynolds, 1981). Consequently, the 
magnitude and significance of observed temperature trends, as well as their seasonality, have also a 
sharp contrast on either side of the spine; on the western side the warming has been strongest in 
winter while on the eastern side the maximum has occurred in summer (Ding and Steig, 2013).   
Because the observational data from the Antarctic Peninsula, as from the rest of the Antarctic 
region, are discontinuous, sparse and spatially incomplete, many of the climate studies have at least 
partly relied on global atmospheric reanalyses (Miles et al., 2008, Nygård et al., 2013, Tietäväinen 
and Vihma, 2008, Välisuo et al., 2014) or recently also on reconstructions utilizing reanalyses 
(Monaghan et al., 2008, Nicolas and Bromwich, 2014, Screen and Simmonds, 2012). Global 
reanalyses combine past observations from stations and satellites with a numerical weather 
prediction model using a single consistent assimilation scheme. They provide a gridded and 
dynamically coherent representation of the atmospheric state, which is often also used as boundary 
forcing for sea ice-ocean models, land surface models and atmospheric limited-area models and as 
first-order validation for climate models. Despite the noticeable progress made in the representation 
of the Antarctic in reanalyses, spurious trends have been reported in many variables such as 
precipitation and evaporation/sublimation (Bromwich and Fogt, 2004, Bromwich et al., 2007, 
Bromwich et al., 2011, Cullather and Bosilovich, 2011).   
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Previous validation studies have mainly focused on long-term and large-scale features in reanalyses, 
and only a few validation studies have addressed regional atmospheric conditions in the Antarctic 
and short-term variability. Välisuo et al. (2014) validated near-surface variables in the Antarctic 
Peninsula by comparing three reanalyses against automatic weather station data. They found a 
consistent warm bias and significant biases in wind components. Välisuo et al. (2014) supported the 
conclusion of Stössel et al. (2011) that the coarse resolution of reanalyses did not represent the 
complex orography of the Antarctic Peninsula accurately enough from the point of view of 
modelling of the wind field. Due to the inadequate resolution, the westerlies were overestimated and 
the northward wind component was underestimated. Välisuo et al. (2014) also found that many of 
the biases in the surface energy balance components partly compensated each other, as also reported 
by Vancoppenolle et al. (2011) for sea ice on both sides of the Antarctic Peninsula. Tastula et al. 
(2013), in turn, evaluated six reanalyses over the sea ice west of Antarctic Peninsula and found that 
diurnal cycles of near-surface variables were largely erroneous in all of the reanalyses.  
In this paper, we present validation of reanalyses with respect to vertical profiles of air temperature, 
specific humidity and wind speed in the Antarctic Peninsula region. Eight reanalyses, including 
older generation and modern ones, are compared against vertical profiles measured by two research 
aircraft in February–March 2010. These measurements offered a rare possibility to evaluate the 
reanalyses using independent in-situ data which had not been assimilated into any of the 
reanalyses. We quantify the accuracy of each reanalysis with a special focus on the spatial 
variability of errors around the Antarctic Peninsula. We also discuss progress made since the first 
reanalyses, probable reasons for the errors as well as consequences of the errors. 
2. Observations and reanalyses 
A research aircraft campaign was carried out in February–March 2010, using the research station 
Rothera (67.6°S, 68.1°W) of British Antarctic Survey as a base. During the campaign in the region 
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of the Antarctic Peninsula, a DHC6 Twin Otter operated by the British Antarctic Survey (BAS) and 
a Basler BT-67 (“Polar 5”) operated by the Alfred Wegener Institute (AWI) flew 95 and 49 vertical 
profiles, respectively. The vertical profiles contained detailed information on temperature, specific 
humidity and wind speed. Temperature on Polar 5 was measured with a Rosemount Pt100 sensor. 
The wind speed data of Polar 5 were based on a Rosemount 5-hole probe at the noseboom with 
Rosemount pressure transducers for flow measurements in the aircraft system and a Honeywell 
Lasernav INS and TrimbleGPS for aircraft attitude and speed with respect to the Earth. The 
humidity was measured using a dew point mirror. Temperature on BAS Twin Otter was measured 
with a Goodrich Rosemount sensor 102, atmospheric humidity with a cooled-mirror dew point 
hygrometer and wind speed with a nine-hole turbulence probe (BAT probe). The instrumentation of 
the BAS Twin Otter is described in more detail in Weiss et al. (2011) and the instrumentation of 
AWI Polar 5 in Tetzlaff et al. (2015). A close formation comparison flight between the two aircraft 
revealed a temperature difference of 0.7 K and a wind speed difference of 0.5 m s-1 on average 
(Figure 1), and these can also be considered as estimations for measurement errors.  
The flights were made both on the western and eastern side of the Antarctic Peninsula and over 
various surface types (Figure 2). In the data analysis, the flights were divided into four categories 
depending on their location with respect to the peninsula and surface type (Figure 2). Data of the 
sub-region W1 were collected over the open sea west of the peninsula or in the vicinity of Wilkins 
Ice Shelf. W2 data were from the vicinity of complex orography either over land or over the George 
VI Ice Shelf west of the peninsula. On the eastern side, E1 data were from the ice shelves and E2 
from sea ice. All the four categories contained roughly the same number of profiles and 
measurements with the both aircraft. The bottom of the profiles was typically at 40–1000 m above 
the surface and the top at 1000–4000 m. All observations were finally averaged to 100 m intervals 
in vertical. In this study, we present average profiles from 100 to 3000 m. 
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The aircraft observations represented independent data which were not assimilated into any 
reanalysis. To evaluate impacts of data assimilation of vertical profiles and near-surface data, we 
also utilized radio soundings from the research stations Rothera and Marambio (64.2°S, 56.7°W) 
(Figure 2) from the period of measurement campaign. The number of radiosoundings used in the 
comparison with the reanalyses was 7 from Rothera and 10 from Marambio. Only temperature and 
specific humidity were analysed based on the radio soundings because the vertical resolution of 
wind speed profiles was not adequate.  
Assimilated fields of eight reanalyses were investigated in this study. An overview of the reanalyses 
is given in Table 1. National Center for Environmental Prediction/National Center for Atmospheric 
Research (NCEP/NCAR) (Kalnay et al., 1996) was the first widely used global reanalysis and is 
also so far the most frequently used reanalysis for the Antarctic. Later, its improved version by 
NCEP and the Department of Energy (NCEP-DOE) was released (Kanamitsu et al., 2002). The 
third older generation reanalysis used in this study was the Japan Meteorological Agency Climate 
Data Assimilation System (JCDAS) (Onogi et al., 2007). The newer reanalyses included in the 
study were NCEP Climate Forecast System Reanalysis (NCEP-CFSR) (Saha et al., 2010), Japanese 
55-year reanalysis (JRA-55) (Kobayashi et al., 2015), ERA-Interim of the European Centre for 
Medium-Range Weather Forecasts (Dee et al., 2011), Modern Era Retrospective Analysis for 
Research and Applications (MERRA) (Rienecker et al., 2011) and the 20th Century Reanalysis 
version 2 (20CR) (Compo et al., 2011). 20CR is the only of the reanalyses made for century-scale 
climate studies as it spans from 1871 to 2012, and was taken into this study as an example of 
century-scale reanalyses. A wide range of observations have been assimilated into the reanalyses by 
applying either the three-dimensional variational data assimilation (3D-VAR) (used in 
NCEP/NCAR, NCEP-DOE, NCEP-CFSR, JCDAS, MERRA) or its extended system 4D-VAR 
(used in ERA-Interim and JRA-55). However, 20CR assimilates only the surface pressure, monthly 
sea surface temperature and sea ice distribution. NCEP-CFSR, MERRA and ERA-Interim have the 
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highest spatial grid resolutions (0.5–0.75° x 0.5–0.75°), whereas NCEP/NCAR, NCEP-DOE and 
20CR have the lowest ones (2–2.5° x 2–2.5°). The effective spatial resolution of reanalyses, which 
tells the scale of phenomena resolved, is roughly 5–7 times the grid resolution (Skamarock, 2004). 
The number of vertical model levels varied between the reanalyses, but all the data of this study 
were taken from the pressure levels available (12–13 pressure levels in the lowest 3000 m). To 
facilitate comparison, the reanalysis data were linearly interpolated to each observation location, 
observation time and to 100 m vertical intervals. Spatial interpolation was made using the nearest 
grid box around the measurement site. Treatment of sea ice in each reanalysis is listed in Table 1. 
The surface temperature over sea ice, ice sheets, and ice shelves in all reanalyses is based on a 
prognostic scheme, with a few model levels in ice/snow. 
3. Results 
3.1 Temperature 
The observed mean temperature in the lowest hundreds of meters was nearly 10 K lower on the 
eastern side of the Antarctic Peninsula (E1 and E2) than on the western side (W1 and W2) (Figure 
3). The near-surface temperature was lowest over the eastern ice shelves, where a remarkably stable 
layer reached the height of approximately 800 m. Hence, the observed near-surface temperatures 
reflected the mean spatial distribution of  surface temperature for 1965–1980 presented by Reynolds 
(1981) despite our relatively little data amount and short study period. The temperature profiles on 
the western side, especially in W1, were generally well captured by all the reanalyses, having only 
small variations of errors with the altitude (Figure 3). The temperature bias was mostly negative, 
except in the lowest 1500 m in NCEP/NCAR and NCEP-DOE. On the eastern side, in turn, the 
reanalyses had a temperature spread of 7 K in the lowest hundreds of meters. Over the ice shelves 
(E1) in the east, all the reanalyses represented the temperature in the lowest 1000 m poorly having 
3–8 K too high values and too weakly stable stratification. Above 1000 m, the root-mean-square-
errors (RMSE) were much smaller than at lower altitudes and biases were mainly negative also on 
This article is protected by copyright. All rights reserved.
A
cc
ep
te
d 
A
rti
cl
e
the eastern side. Over the sea ice (E2), further away from the immediate influence of the peninsula, 
NCEP/NCAR, NCEP-DOE and 20CR stood out with the largest bias and RMSE. These reanalyses 
had very similar temperature profiles on both sides of the peninsula, although the mean observed 
temperature profile was different on each side. The layer of large errors, particularly of coarse-
resolution reanalyses, reached from the surface to approximately 500 m in E1 and 1000 m in E2. 
The variability of biases and RMSEs was notably larger than the observed temperature difference 
between the two aircraft during the formation comparison flight (Section 2). This suggests that the 
results for reanalysis errors were not largely affected by measurement errors. 
Temperature inversions, i.e., layers where temperature increases with height, were identified within 
the lowermost 1000 m in 42 of the observed profiles. In MERRA, all of these 42 temperature 
inversions were qualitatively captured. MERRA, however, also included temperature inversions 
approximately in 30 % cases in which a temperature inversion did not exist in the observed profile.  
NCEP-CFSR was the second best to capture temperature inversions (captured 25 temperature 
inversions out of 42), JRA-55 and ERA-Interim captured less than half of them (15–17) and NCEP-
DOE, 20CR, NCEP/NCAR and JCDAS captured only a fraction of them (6–11). 
With respect to the RMSE of temperature, MERRA and NCEP-CFSR were the best reanalyses on 
the both sides of the peninsula, when the whole vertical profile was considered (Table 2). They had 
also the smallest bias in the eastern side of the peninsula, but on the western side the bias was 
smallest in NCEP/NCAR and NCEP-DOE. Below 1000 m altitude on the western side, ERA-
Interim was also equally good with NCEP/NCAR and NCEP-DOE. On the eastern side, JRA-55 
and MERRA had the most realistic temperature near the surface. However, MERRA had a distinct 
shape of temperature profile on both sides as it was typically colder than the other reanalyses in the 
lowest 500 m and warmer above 1000 m (Figure 3). Progress made from NCEP/NCAR reanalysis 
to NCEP-CFSR was clearest in the lowest hundreds of meters on the eastern side. In case of 
Japanese reanalyses, the temperature RMSE was notably reduced in JRA-55 in the eastern side of 
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the peninsula compared to earlier JCDAS, but the temperature bias was even more negative in JRA-
55.  
Standard deviations of the observed profiles demonstrated relatively large variability between the 
individual temperature profiles (Figure 4). Practically all the reanalyses underestimated the 
variability compared to the observations, especially in the lowermost 1000 m. Near the surface, 
NCEP-DOE and MERRA had the standard deviation closest to the observed one, whereas 20CR 
was clearly the most unrealistic with respect to variability. Above 1000 m, the standard deviations 
of the reanalyses were relatively well in accordance with the observations. 
In comparison against the radiosounding data from Rothera and Marambio, the temperature bias in 
the reanalyses (between -4 and 0 K) was found to be approximately at the same level as in 
comparison against the independent aircraft data in W1 and W2 (between -3 and +1 K). We also 
compared reanalyses against the aircraft observations in the vicinity of Rothera on days when radio 
soundings were made and on days with no radio soundings. The differences were not systematic; in 
MERRA, near-surface temperature bias and RMSE were reduced to half on the days with radio 
soundings, in NCEP/CFSR temperature bias and RMSE were 1 K smaller on the days with no radio 
soundings, whereas in many reanalyses differences were very small.  
3.2 Humidity 
The observed specific humidity was over 1 g kg-1 higher in W1 than over the ice shelves of E1 
(Figure 5). The shape of the observed specific humidity profiles differed notably between the four 
sub-regions, although above 1000 m the specific humidity was nearly the same, 2 g kg-1, in W1, 
W2 and E1. The reanalyses had clearly too humid profiles (Figure 5), except that MERRA was 
approximately 0.5 g kg-1 too dry in the lowest hundreds of meters. The largest problems were 
found in E1 in the lowest 100 m where there was a substantial spread between the reanalyses. 
There, the specific humidity in different reanalyses ranged from 1.2 to 3.0 g kg-1. Nearly similar 
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discrepancy between the reanalyses was found in the lowest hundreds of meters in E2. In the 
vicinity of the peninsula (W2 and E1), the RMSE increased towards the surface, whereas further 
away from the peninsula the errors were rather independent of the altitude. The observed mean 
profiles included layers where the humidity increased with height, i.e., humidity inversions. These 
humidity inversions, particularly near the surface, were essentially captured by the reanalyses (not 
shown).  
With respect to specific humidity profiles, none of the reanalyses was clearly better than the others. 
The total RMSE was smallest in JRA-55, but it was also practically on an equal level in MERRA, 
NCEP-CFSR, ERA-Interim, and JCDAS (Table 2). The specific humidity bias, in turn, was 
smallest in JCDAS, JRA-55 and MERRA. The positive bias was generally largest in NCEP/NCAR 
and NCEP-DOE throughout the profile from the surface to 3000 m (Figure 5). 20CR, in turn, had 
the largest errors in the profile shape because it was clearly too humid in the lowest 1000 m and in 
W1, W2 and E1 too dry above. The humidity bias profiles of the old-generation models  (JCDAS, 
NCEP-DOE, NCEP/NCAR) and 20CR resembled the shape of their temperature bias profiles 
(Figures 3 and 5). Temperature and specific humidity errors of those reanalyses had a positive 
(from 0.23 to 0.40) and statistically significant Spearman correlation (which denotes the strength of 
the monotonic relationship which is not necessarily linear) whereas in the other reanalysis this 
correlation was weaker and significantly negative (the correlation coefficient -0.18–-0.20). NCEP-
CFSR had nearly 0.5 g kg-1 smaller bias than its predecessors NCEP/NCAR and NCEP-DOE in the 
lowest 1000 m. The standard deviation of specific humidity had little variability with the height 
both in the observations and reanalyses (Figure 4). Particularly NCEP-DOE and NCEP/NCAR 
overestimated the standard deviation of specific humidity whereas 20CR and JCDAS clearly 
underestimated the standard deviation.  
The bias and RMSE of specific humidity were notably smaller for the assimilated radiosounding 
data from Rothera compared to the independent aircraft data from W2 (not shown); the near-surface 
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RMSE was approximately 0.5 g kg-1 at Rothera and nearly 1 g kg-1 in W2. At Marambio, the bias 
and RMSE of specific humidity were at the same level as for the aircraft data in E1 and E2, 
showing no detectable impacts of data assimilation. When aircraft observations around Rothera 
were compared on days with and without radio soundings, no systematic differences were found. 
 
3.3 Wind speed 
The shapes of observed wind speed profiles were rather similar in sub-regions W1, W2 and E1, but 
in E2 a low-level jet was found in the mean profile (Figure 6). Wind speed variability with height 
was common in all the sub-regions. The reanalysis profiles were much smoother than the observed 
profiles and had no clear sign of a low-level jet in E2. They also underestimated the wind speed on 
both sides of the peninsula. The reanalysis wind speeds were similar on both sides of the peninsula, 
although below 2000 m the observed wind speed was higher on the eastern side. The wind speed 
was generally better captured near the surface than between 300 m and 1500 m. The reanalyses 
were surprisingly similar to each other in E1, although they clearly deviated from the observed 
profile. The large wind speed bias in E1 was mainly due to an underestimated westerly wind 
component (not shown). In E2, the spread between the reanalyses was as large as 2–3 m s-1 and 
especially the v wind component was largely underestimated in the coarse-resolution reanalyses. In 
the other reanalyses, contributions of the u and v wind components to the bias in E2 were nearly 
equal. Compared to the estimated measurement errors (Section 2), differences in RMSE of wind 
speed between the reanalyses were larger.  
Considering the RMSE, NCEP-CFSR had the most realistic wind speed profiles, and JRA-55 was 
nearly as good (Table 2). The bias was smallest, and practically on an equal level, in NCEP-CFSR, 
MERRA, NCEP-DOE, and JRA-55. 20CR largely underestimated the wind speed and had the 
largest total RMSE (Table 2). The other coarse-resolution reanalyses NCEP/NCAR and NCEP-
DOE had also poor wind speed profiles, but their total wind speed RMSE was on the same level as 
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in MERRA and JCDAS. Reanalyses were coherent with respect to the standard deviation of wind 
speed, but they all clearly underestimated the standard deviation (Fig. 4). 20CR had the smallest, 
and most unrealistic, standard deviation and NCEP-CFSR had the largest standard deviation, 
except within the lowest 500 m. Wind speed biases and RMSEs were not systematically different 
in the vicinity of Rothera on days when radio soundings were made compared to days with no radio 
soundings. 
Representation of orography varied largely between the reanalyses, and it had an influence on the 
wind field around the Antarctic Peninsula. As an example, surface geopotential height and 925 hPa 
mean wind components at of ERA-INTERIM, JCDAS and NCEP/NCAR are shown in Figure 7. It 
is noteworthy that wind components in Figure 7 are interpolated values in areas where the surface 
geopontential of reanalysis was above the level of 925 hPa. ERA-INTERIM had the most realistic 
orography of these three, whereas representation of the peninsula was much simpler in JCDAS and 
NCEP/NCAR. For example, the Larsen Ice Shelf was on a mountain slope in JCDAS and 
NCEP/NCAR. The main differences in the wind components were (i) the strength of westerly winds 
in Bellingshausen Sea, (ii) the sign of the u wind component on the eastern slope of the peninsula, 
(iii) the strength of northerly winds on the west coast of the peninsula and (iv) the sign of the v wind 
component over the Larsen Ice Shelf. Some of these features were obviously influenced by the 
surface geopotential field (Figure 7). This was particularly true for the v wind component. 
Nevertheless, orographic impacts could not be quantified and separated from other differences 
between the reanalyses.  
4. Discussion and conclusions 
The reanalyses had generally too moist profiles with too low wind speeds in the Antarctic Peninsula 
region. In addition, the near-surface temperatures were largely overestimated on the eastern side of 
the peninsula and the near-surface stability was underestimated over the Larsen ice shelf (E1). Our 
results were qualitatively similar to previous reanalysis validation results from the Central Arctic. 
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For example, Lüpkes et al. (2010) and Jakobson et al. (2012) reported a warm and moist bias. In 
Jakobson et al. (2012) this bias was combined with too low wind speeds in the lowermost hundreds 
of meters in spring and summer. The errors in the vertical structure in reanalyses on the western 
side of the Antarctic Peninsula, which were reported in this study, were smaller than in the Central 
Arctic. On the eastern side of the peninsula, the RMSEs of temperature and specific humidity were 
approximately equal to those in the Arctic but the RMSE of wind speed was higher. 
Our analysis revealed that it is a very challenging task to make an objective ranking of the 
reanalysis around the Antarctic Peninsula. None of the reanalysis outperformed the others in all 
variables, at all altitudes and on both sides of the peninsula. It is also noteworthy that our results 
were only from late summer and it is likely that the performance of each reanalysis varies between 
the seasons. On the western side of the peninsula, differences between the reanalyses were 
relatively small. On the contrary, on the eastern side the spread between the reanalyses was large, 
and a user of a reanalysis should pay attention in choosing the most accurate one. On the eastern 
side, the newer reanalyses with a sufficient spatial resolution and an adequate data assimilation 
method (3D- or 4D-VAR) (i.e., NCEP-CFSR, ERA-Interim, MERRA and JRA-55) had the 
smallest errors in the vertical profiles. Generally, MERRA and NCEP-CFSR had the smallest 
vertical and spatial mean errors in the temperature profiles. It is, however, interesting that despite 
the relatively small vertical mean RMSEs in MERRA, its profiles often had a distinct shape. JRA-
55 had the most accurate specific humidity profiles with a very small marginal, and the vertical 
mean errors in wind speed profiles were smallest in NCEP-CFSR. Progress made since the first 
reanalyses was clearest on the eastern side. For example, NCEP-CFSR had considerably smaller 
specific humidity RMSE throughout the profile and temperature RMSE in the lowermost 1000 m 
than its predecessors NCEP/NCAR and NCEP-DOE. Part of these improvements most probably 
stem from the better spatial resolution of NCEP-CFSR. The good performance of NCEP-CFSR 
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over sea ice (E2) may be connected to the fact that NCEP-CFSR is the only one of the reanalyses 
which is coupled with a sea-ice and ocean model. 
An adequate spatial resolution is primarily needed to resolve the orography of the Antarctic 
Peninsula, which interrupts the otherwise zonal wind field. Especially temperature and wind speed 
profiles of the coarse-resolution reanalyses (NCEP/NCAR, NCEP-DOE and 20CR) were very 
similar on both sides of the peninsula and were clearly little influenced by the orography of the 
peninsula, although differences between the sides were seen in the observations. Based on our 
results, impacts of orography seem to reach from the surface to at least 1000 m altitude, and these 
impacts are mainly found on the eastern side of the peninsula due to prevailing westerly winds. 
Stössel et al. (2011) concluded that, in addition to spatial resolution of reanalysis, the underlying 
representation of orography in the reanalyses has a large influence on wind fields. Stössel et al. 
(2011) discussed that in the operational ECMWF analyses barrier winds on the western side 
Antarctic Peninsula are captured, but in the NCEP/NCAR reanalysis the orography is poorly 
resolved which leads to a lack of barrier winds and spurious offshore winds on the eastern side. 
Our results demonstrated that the reanalyses have large differences in the representation of the 
orography and it has an evident impact on the flow in the Antarctic Peninsula region. 
Unfortunately, the impacts of horizontal resolution cannot be separated from other differences 
between the reanalyses. Quantitative investigation on impacts of resolution would require 
controlled experiments with a reanalysis applying several different spatial resolutions.   
Another probable reason for the differences in reanalysis performance between the western and 
eastern sides of the peninsula is related to the strong stable stratification over the Larsen Ice Shelf 
and adjacent sea ice. Stable stratification in this region can result from (i) northward advection of 
cold, continental air in a barrier jet, (ii) surface cooling of warm air originating in a foehn wind 
blowing down from the Peninsula mountains (King et al., 2008) or (iii) nocturnal cooling. The 
stable stratification is typically challenging for numerical models (Steeneveld, 2014), and the 
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results suggest that also reanalyses are not able to realistically reproduce the strong stable 
stratification at low levels in E1 and E2.  
The amount of observational data assimilated into reanalyses may also contribute to spatial 
differences in errors. Regular radiosoundings were available from the research station Rothera on 
the western side and the research station Marambio on the tip of the peninsula. Errors in specific 
humidity were notably smaller for the assimilated radio-sounding data from Rothera compared to 
the independent aircraft data, but at Marambio clear differences were not found. On the other hand, 
our results suggested that temperature profiles were little influenced by the assimilation of Rothera 
and Marambio radio soundings. Small impacts of Rothera and Marambio data might, for example, 
indicate that these observations were simply not utilized in the assimilation due to quality issues or 
that the offset between first-guess and observation was typically small.  
 
Since observations are scarcely available in the Antarctic, satellite data are the main observational 
data sources in the region. The cold bias (0–2 K) seen on the western side of the Antarctic Peninsula 
and above 1000 m on the eastern side is consistent with the cold bias found in the satellite data 
(Boylan et al., 2015, Wang et al., 2013). This can be an indication that the cold bias in the satellite 
data contributes to the cold bias of the reanalyses. Furthermore, assimilation of satellite data over 
open ocean in the west had probably less challenges than assimilation of satellite data over ice-
covered surfaces in the east, which, in turn, also increased the errors in the east compared to the 
west. However, it is remarkable that 20CR, which is a century-scale reanalysis and did not 
assimilate radiosondes or satellite data, performed almost as well as NCEP/NCAR and JCDAS. The 
temperature bias of 20CR was even smaller than in many of the other reanalyses, although the 
RMSEs of temperature, specific humidity and wind speed were high. On the other hand, 20CR 
largely underestimated the variability between individual profiles and was clearly the most 
unrealistic reanalysis with respect to variability.  
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In the Antarctic, reanalyses have earlier been applied to estimate, for instance, the atmospheric 
moisture budget (Tietäväinen and Vihma, 2008) and moisture advection (Nygård et al., 2013). 
These kinds of calculations are dependent on accurate wind and humidity profiles, and also require 
that errors do not vary much with space and height. Our results indicated that the humidity 
difference, and especially the temperature difference, between the western and eastern side of the 
Antarctic Peninsula were underestimated by the reanalyses, and wind speed was simultaneously 
underestimated. These errors suggest that zonal advection of heat and moisture might be generally 
underestimated by the reanalyses in the region. Despite the deficiencies, the-state-of-the-art 
reanalyses, however, provide the best available information on the three-dimensional structure of 
the atmosphere, and can be utilized in climatological studies and as forcing for sea ice – ocean 
models when attention is paid to the uncertainties. In the future, better spatial resolution and 
representation of orography will probably yield significantly smaller errors in the vertical profiles 
and less spatial variability of the errors in the Antarctic Peninsula region.   
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Tables 
Table 1. Characteristics of reanalyses 
Reanalysis Model  resolution Dataset resolution Data assimilation Treatment of sea ice  
ERA-
INTERIM 
T255, L60 0.75 x 0.75 4D-VAR Sea ice concentration (SIC) 
based on OSTIA analysis (Stark 
et al., 2007)  
JCDAS T106, L40 1.25 x 1.25 3D-VAR SIC based on passive microwave 
(PM) data (Cavalieri et al., 1984, 
Matsumoto et al., 2006) 
JRA-55 T319, L60 1.25 x 1.25 4D-VAR SIC based on COBE SST –
analysis (Ishii et al., 2005) 
MERRA 2/3 lon x 1/2 lat deg, L72 2/3 lon x 1/2 lat deg 3D-VAR SIC linearly interpolated in time 
from weekly Reynolds fields 
(Reynolds et al., 2002) 
NCEP-
CFSR 
T382, L64 0.5 x 0.5 3D-VAR SIC analysis based on PM data. 
An interactive prognostic model 
for sea ice thermodynamics and 
dynamics (Saha et al., 2010)  
NCEP-
DOE 
T62, L28 2.5 x 2.5 3D-VAR SIC based on PM data (Cavalieri 
et al., 1984) with corrections 
(Taylor et al., 1997) 
NCEP/ 
NCAR 
T62, L28 2.5 x 2.5 3D-VAR SIC based on PM data (Cavalieri 
et al., 1984); values exceeding 
55% set as 100% 
20CR T62, L28 2 x 2 Ensemble Kalman 
Filter 
Monthly SIC from the Hadley 
Center data set (Rayner et al., 
2003) 
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Table 2. Vertically and spatially averaged bias and RMSE of temperature (T), specific humidity (q) and wind speed (U) 
for the eastern side (east) and western side (west) of the peninsula and the whole peninsula region (total). The smallest 
biases and RMSEs are marked as bold .  
ERA- NCEP- NCEP- NCEP/ 
      INTERIM JCDAS JRA-55 MERRA CFSR DOE NCAR 20CR 
T (K) bias west -1.35 -1.61 -1.78 -0.73 -0.88 -0.57 -0.49 -1.58 
east -0.50 -0.56 -0.98 -0.13 -0.18 0.43 1.15 0.50 
total -0.92 -1.09 -1.38 -0.43 -0.53 -0.07 0.33 -0.54 
RMSE west 1.56 1.82 1.92 1.29 1.28 1.54 1.55 2.05 
east 2.00 2.42 1.89 1.59 1.63 2.47 2.66 3.21 
    total 1.78 2.12 1.91 1.44 1.46 2.00 2.11 2.63 
q (g kg-1) bias west 0.12 0.01 0.01 0.08 0.22 0.46 0.42 0.01 
east 0.13 0.08 -0.08 -0.14 0.12 0.23 0.33 0.26 
total 0.13 0.05 -0.03 -0.03 0.17 0.34 0.38 0.14
RMSE west 0.46 0.50 0.45 0.46 0.50 0.62 0.64 0.68 
east 0.35 0.39 0.32 0.34 0.28 0.59 0.61 0.56 
    total 0.40 0.44 0.38 0.40 0.39 0.61 0.62 0.62 
U (m s-1) bias west -0.96 -0.67 -0.75 -0.96 -0.75 -0.89 -0.88 -1.68 
east -1.52 -2.02 -1.59 -1.26 -1.38 -1.42 -2.16 -2.52 
total -1.24 -1.34 -1.17 -1.11 -1.07 -1.16 -1.52 -2.10 
RMSE west 2.85 3.14 2.78 2.90 2.81 3.07 3.08 3.68 
east 2.96 3.32 2.80 3.58 2.60 3.42 3.40 3.78 
    total 2.91 3.23 2.79 3.24 2.70 3.25 3.24 3.73 
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Figure 1. Comparisons of wind (arrows) along the flight path and vertical wind speed profile 
measured by BAS Twin Otter and AWI Polar 5 –aircraft.  
Figure 2. Locations of vertical profiles measured by BAS Twin Otter and AWI Polar 5 –aircraft. 
The study region was divided into four sub-regions, marked with dashed lines. 
Figure 3. Profiles of potential temperature (top), temperature bias (middle), and temperature RMSE 
(bottom) in the four sub-regions.  
Figure 4. Standard deviations of temperature (T), specific humidity (q) and total wind speed (U) 
based on all the data. 
Figure 5. Profiles of specific humidity (top), specific humidity bias (middle), and specific humidity 
RMSE (bottom) in the four sub-regions.  
Figure 6. Profiles of total wind speed (top), wind speed bias (middle), and wind speed RMSE 
(bottom) in the four sub-regions.  
Figure 7. Surface geopotential height for the Antarctic Peninsula (top), mean u-component of wind 
at 925 hPa (middle), and mean v-component of wind at 925 hPa (bottom) of ERA-INTERIM, 
JCDAS and NCEP/NCAR. The mean values have been calculated for the measurement campaign 
period in 2010.  
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Figure 1. Comparisons of wind (arrows) along the flight path and vertical wind speed profile 
measured by BAS Twin Otter and AWI Polar 5 –aircraft.  
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Figure 2. Locations of vertical profiles measured by BAS Twin Otter and AWI Polar 5 –aircraft. 
The study region was divided into four sub-regions, marked with dashed lines.  
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Figure 3. Profiles of potential temperature (top), temperature bias (middle), and temperature RMSE 
(bottom) in the four sub-regions.  
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Figure 4. Standard deviations of temperature (T), specific humidity (q) and total wind speed (U) 
based on all the data. 
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Figure 5. Profiles of specific humidity (top), specific humidity bias (middle), and specific humidity 
RMSE (bottom) in the four sub-regions.  
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Figure 6. Profiles of total wind speed (top), wind speed bias (middle), and wind speed RMSE 
(bottom) in the four sub-regions.  
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Figure 7. Surface geopotential height for the Antarctic Peninsula (top), mean u-component of wind 
at 925 hPa (middle), and mean v-component of wind at 925 hPa (bottom) of ERA-INTERIM, 
JCDAS and NCEP/NCAR. The mean values have been calculated for the measurement campaign 
period in 2010.  
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